sthma is a pulmonary disease characterized by intermittent narrowing of the small airways of the lungs, with subsequent reversible airflow obstruction, airway inflammation and bronchial hyper-responsiveness. 1, 2 Extensive epidemiological studies on asthma prevalence in different populations have shown a rise in asthma incidence since the 1960s and it is considered one of the most prevalent diseases in the world. 3, 4 In Saudi Arabia, 11% of the population suffers from asthma, while 4% to 23% of school students are asthmatic. 5, 6 Epidemiological studies indicate that many factors including age, gender, multiple genes and environmental factors influence the development of asthma. Several allelic association studies in different ethnic groups showed that more than 100 variants in target genes are linked with asthma, including ADAM33 . [7] [8] [9] The gene coding for ADAM33 (a disintegrin and metalloproteinase 33) is strongly associated with asthma susceptibility and bronchial hyper-responsiveness. 10, 11 The ADAM33 gene is highly polymorphic, containing more than 70 single nucleotide polymorphisms (SNPs). [11] [12] [13] At least 28 haplotype SNP pairs were shown to be significantly associated with asthma in United Kingdom and United States populations. 11 Positive associations have also been reported between some of these polymorphisms and asthma in AfricanAmericans and Hispanics. 14 Although not without controversy, several SNPs in this gene have been shown to be associated with asthma susceptibility in other populations. 15, 16 In a Japanese cohort, the S2, T1, and T2 SNPs were significantly associated with asthma susceptibility. 17 The ST+4 SNP was also linked to moderate and severe asthma in populations from the United Kingdom, the United States and Thailand. 11, 18 Furthermore, T1 and T2 were significantly associated with high total IgE and with asthma, respectively, in a population from Colombia. 19 However, there is also lack of consistency in the results from several genetic association studies when tested in different populations. 20, 21 In fact, the absence of association between ADAM33 polymorphisms including T1, T2 and S1, with asthma has been reported for various ethnic populations from Germany and the United States. 10, 22 Since no previous gene association studies have yet been reported on asthmatics from Saudi Arabia, it remained to be seen whether the ADAM33 polymorphisms could be associated with asthma in this population. The objective of this study was to examine in children from Saudi Arabia, the possible association of T1, T2, S1, and ST+4 SNPs with asthma susceptibility.
PATIENTS AND METHODS
One hundred and seven Saudi asthmatic children and 87 healthy Saudi children 3-12 years old were recruited at King Khalid University Hospital (KKUH) in Riyadh, Saudi Arabia. This study was approved by the College of Medicine Research Council (CMRC) Ethical Committee of the King Khalid University Hospital (KKUH). Informed written consent was obtained from the patients' parents. Asthma diagnosis and severity assessment were determined based on symptoms, physician diagnosis (pediatric allergists or pulmonologists) following the criteria described by the American Thoracic Society. Demographic and clinical data for the asthmatics are presented in Table 1 . The male to female ratio was approximately 2:1. The mean (SD) age for male and female children was similar (male, 7.4 [3.9] shortness of breath were the major symptoms in both genders. Except for wheezing, which occurred more frequently in boys, all the other symptoms occurred at the same frequency in both genders. Approximately 60% of the patients (both male and female) were atopic. The severity of the disease differed significantly between both genders: the mild persistent disease was more frequent in females (84%) than in males (57%). Moderate-tosevere asthmatics were more frequent in males (41%) compared to females (13%). Over 90% of the patients were on medications, which included b 2 -adrenergic agonists, inhaled corticosteroids and anti-cholinergic agents. Leukotriene modifiers were used by more female patients (83.8%) than by male patients (67.1%). Four ADAM3 SNPs (T1, rs2280091; T2, rs2280090; S1, rs3918396; ST+4 (rs44707) were genotyped by real-time PCR using primers and TaqMan probes (Applied Biosystems, California, United States). The genotyping primers and TaqMan allele-specific probes are shown in Table 1 . The probe for allele 1 was labeled with VIC dye and the probe for allele 2 was labeled with FAM dye. In this allelic discrimination assay, the presence of the two probes in each sample reaction (duplex) allows genotyping of two possible variants at the single base-pair nucleotide polymorphism and to discriminate for homozygotes (samples having only allele 1 or allele 2) and heterozygotes (samples having both allele 1 and allele 2). The T2 (rs2280090) SNP genotyping was confirmed by PCR-RFLP. Briefly, after PCR under standard reaction conditions, the amplified fragments were cut with NcoI (New England Biolabs, Beverly, Massachusetts, United States) and the digestion products were visualized on 4% agarose gels. The ST+4 (rs44707) SNP genotyping was performed by the multiplex tetra-primer amplification refractory mutation system PCR (ARMS-PCR), as described elsewhere. 23 Briefly, both the wild type and the mutant alleles were amplified simultaneously by one pair of common outer primers flanking the SNP. The addition of two allele specific inner primers designed in opposite orientation and overlapping at the single base-pair nucleotide polymorphism allows the specific amplification of each allele. Since both products have different lengths (177bp for allele C; 138bp for allele A), they were clearly distinguished by agarose gel electrophoresis.
Allele and genotype frequencies for each SNP were obtained by allele and genotype counting. Chi-square tests were performed (P values <.05 were considered statistically significant) using SPSS software (version 17) (IBM Corp, Armonk, New York, United States). Hardy-Weinberg equilibrium tests, pairwise linkage disequilibrium and haplotype analyses were performed using SNPStats software (Institut Català d'Oncologia, Spain). 24 To determine whether significant association between asthma and SNPs existed (genotypes and haplotypes), both crude analysis (nonadjusted) and adjusted for covariate gender were performed. Best fit genetic model tests (co-dominant, dominant, recessive and over-dominant) were performed using the chi-square and the odds ratios (OR) and 95% confidence intervals (CI) were calculated with the SNPStats software.
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RESULTS
T1 and T2 ADAM33 polymorphisms and asthma susceptibility in Saudi children
Fisher exact tests indicated that the T1, T2, ST+4 and S1 SNPs were distributed in Hardy-Weinberg proportions (P>0.05). A crude analysis (nonadjusted) indicated that only T1 and T2 SNPs were significantly associated with asthma. Since matching was not completely achieved on recruitment, we cannot rule out the possibility that such association analysis could be biased. Therefore, to eliminate possible residual con- Table 2 . Genotype frequency distribution of adam33 t1, t2, St+4 and S1 polymorphisms and its association with asthma. founding by covariate gender, we present in Table 2 the association analysis with adjusted P values and odds ratios with 95% confidence intervals for genotypes. The association of T1 and T2 with asthma remained significant when the analysis was adjusted for covariate gender ( Table 2 ). In the case of T1 SNP, the dominant model was the best fit effect model, based on the lowest Akaike (AIC=241) and Bayesian (BIC=251) index criteria and P value (P=.001), indicating that the presence of a single copy of G (with both the heterozygous A/G and the homozygous G/G having the same effect) is enough to increase the risk or predisposition to asthma ( Table 2 ). Significant differences in the frequency of T1 (rs2280091) were observed in asthmatics when compared to healthy control groups ( Table 3 ). The frequencies of the heterozygous A/G and the homozygous G/G T1 genotypes were significantly higher in the asthmatic group (49.5% and 11.3%, respectively), compared to the healthy group (32.9% and 5.9%, respectively) (P=.014). The homozygous A/A genotype was significantly more frequent in the healthy group (61.2 %) than in the asthmatic children (39.2%) ( Table 3) . The frequency of T2 (rs2280090) G/A genotype was significantly higher (48.9%) in asthmatic children than in healthy children (29.8%), whereas the 'wild-type' G/G genotype occurred at lower frequency in the asthmatics (43.6%), compared to healthy children (61.9%) (P=.031) ( Table 3 ). The frequency of G/A and A/A combined were significantly higher in the asthmatics (56.4%), compared to the healthy group (38.1%) ( Table  2 ). The dominant model was the best-fit genetic model of T2 SNP association to asthma, in which one copy of A (G/A and A/A having same effect) was enough to increase the risk or predisposition (P=.008) ( Table 2) . Concerning polymorphisms ST+4 (rs44707) and S1 (rs3918396t), no significant association with asthma was observed (P>.05) (Tables 2, 3) .
SNP
Interaction of T1 and T2 SNPs genotype frequencies with gender and susceptibility to asthma
We analyzed whether single SNP-to-gender interactions could alter the risk of asthma ( Table 4) . Concerning T2 SNP, the G/A genotype reached statistical significance (OR=2.9; 95% CI=1.2-7.2), thus indicating an association to increased risk of asthma in boys, but not in girls ( Table 4) . Chi-square tests for T2 SNP confirmed the above result: the frequency of heterozygous G/A genotype was significantly higher in asthmatic boys (47.6%) than in healthy boys (22.5%; P=.022). In the case of ST+4 and S1 SNPs, no significant interactions between genotypes and genders were observed.
Pairwise linkage disequilibrium and haplotype frequencies
The possibility that two polymorphisms could be associated with an increased risk of asthma was analyzed by linkage disequilibrium (LD) and haplotype assessment. Data analysis showed a strong LD between T1 (rs2280091) and T2 (rs2280090), as measured by high D' (0.95), elevated r2 (0.83) and X2 (286.6) (P<.001) ( Table 2 ). ST+4 and S1 SNPs were not significantly linked to any of the above markers (P>.05). On the basis of LD, we analyzed the haplotype frequencies and their association to asthma. Table 5 describes the most frequent haplotypes, which together represent a cumulative frequency of 0.97. The ORs and 95% CIs were obtained from the estimated haplotype frequencies, taking as a reference the most common haplotype, Table 5) . Importantly, the haplotype H2 [G-A-A-C] was significantly more frequent in the asthmatic group (0.31) than in the healthy group (0.21) (OR=2.4; 95% CI=1.2-4.6), suggesting an association with asthma (P=.009).
Other frequent haplotypes (H3, H4 and H5; Table 5 ) showed no significant association with asthma (P>.05).
DISCUSSION
Asthma is one of the most prevalent chronic diseases in the world. 3, 4 More than 300 million individuals suffer from this disease, and the prevalence of asthma continues to be on the rise in several populations. 3, 4, 25 Asthma occurs at a high prevalence (10%-23%) in Saudi Arabia. 5, 6 Genetic studies of asthma in the Saudi population have only recently been initiated and limited information is available. To our knowledge, this is the first re-port on the association of ADAM33 polymorphisms with asthma in a Saudi population. ADAM33 has a strong relevance to the pathogenesis of asthma, mainly in relation to airway remodeling and bronchial hyperresponsiveness. 10, 11 Several studies have indicated wide variations in the frequency of association of different ADAM33 SNPs with asthma. 9, 22, 26 Among 37 polymorphisms identified in ADAM33 , six were found to be significantly associated with asthma in a combined study on the United Kingdom/United States populations, including T2, T1, and S1. 11 In the present study, T1 and T2 SNPs were found to be linked with asthma susceptibility in the Saudi population, thus confirming the findings of previous reports in other ethnic groups. 17, 19, 27 The T2 G/A and the T1 A/G polymorphisms occur both in the cytoplasmic domain of ADAM33 . Experimental evidence suggests that these modifications potentially alter the protein' s intracellular signaling function and may result in increased fibroblast and smooth muscle proliferation, which are characteristic features of airway remodeling in asthmatics. 10, 11, 13, 14, 28 The analyses showed that over the four genetic models tested, the dominant model explained best the genotype frequencies of T1 and T2 markers. In this model, a single copy of the mutant G allele (T1) is enough to increase the risk or predisposition to asthma; therefore, the A/G and G/G genotypes will have the same effect. The same applies to the T2 SNP, in which the dominant model indicated that the presence of the mutant A allele increases the risk of asthma. The lack of association for ST+4 and S1 polymorphisms could be explained at least in part, by the very low frequency of the ST+4 homozygous C/C genotype and by the complete absence of the S1 T/T genotype in Saudi children. One possibility is that these results could have been biased due to the relatively small sample populations in this work. These results should be replicated in future studies with a larger Saudi population. Nevertheless, the lack of association of S1 and ST+4 SNPs with asthma in our study goes in agreement with several reports stating that these mutations do not significantly increase the risk or susceptibility to asthma. 10, 22, 28 However, other studies found an association of S1 SNP with reduced lung function in children, when the recessive model was considered. 10, 11, 27, 29 The gene-environment interaction influencing the risk of asthma is complex and still not completely understood. Gender is one important environmental factor influencing asthma susceptibility; in childhood asthma, there are about 2-fold more cases of boys affected than girls, and this situation reverses at a later age. 30, 31 When we analyzed the genotype-gender interaction with risk or susceptibility to asthma, significant differences were observed in the T1 and T2 SNPs interactions with covariate gender. The T1 A/G and the T2 G/A genotypes were associated with increased risk of asthma in boys. In contrast, only the low frequency T1 G/G genotype was significantly associated with this risk in girls. These results suggest that boys in this cohort may be genetically more susceptible than girls. These results are in agreement with some clinical data of this cohort: mild asthma was more frequent in girls (84%) than boys (57%), whereas moderate-severe asthma was more frequent in boys (41%) than girls (13%); wheezing was also more frequently reported in asthmatic boys ( Table 1) . Although we cannot rule out that these results could have been influenced by the relatively small sample populations tested, the observed genotype differences between genders would not necessarily result only from sampling bias. However, inbreeding existing within the Saudi population could be a potential source of bias: the proportion of subjects married to close relatives was reported to range from 41% to 69%, depending on the region. 32 Although we made efforts to recruit unrelated individuals, in practice it is difficult to obtain reliable information of the parental relationships. Importantly, the lack of deviation from the Hardy-Weinberg equilibrium suggested insignificant bias in our study due to inbreeding, stratification or sample selection. Gender is a known risk factor for asthma. For instance, asthma incidence can be strongly influenced by the distinct characteristic behavior of males and females and hence by other factors present in the environment in which they grow up. 30, 31 Nevertheless, at birth, twice as many males compared to females have been reported to have higher neonatal IgE levels, suggesting that gender-specific events have occurred in utero. 33 Whether this is due to genetic or immunologic variation is still unclear. Also, some investigators have suggested that the airway size is smaller in boys when compared to girls of the same age, which may contribute to an increased risk of asthma progression, for example, after a viral infection. 34 Our linkage disequilibrium analysis indicated that T1 and T2 were tightly associated, thus confirming the results of others. 10 Moreover, this may explain the above observation, that male asthmatics have an increased risk of asthma because of the significantly higher frequency of T1 A/G and T2 G/A genotypes. Importantly, the high-frequency haplotype [G-A-A-C] encompassing T1 mutant G and T2 mutant A alleles, confirmed a significant association with the asthmatic phenotype. These observations suggest that Saudi children may have a genetic susceptibility to asthma. Arguably, the present haplotype analysis could be of limited reliability, based on the relatively small sample populations tested. However, this analysis could be a useful reference in future works employing larger sample populations in Saudi Arabia, and could be compared to that of other ethnic groups. In this regard, a comparative meta-analysis of allele frequencies for T1, T2, ST+4 and S1 using the present data from the Saudi children showed that the T2 mutant A allele and the T1 mutant G allele occurred significantly at much higher frequencies than in other asthmatic ethnic groups (Dutch, African American, United States whites and Hispanics) (Figure 1) . Moreover, the results from the Saudi population are also in agreement with those observed in United States whites and Hispanics, showing a significant association between the T2 G/A polymorphism and asthma. The T1 mutant G allele was also found to be significantly associated with asthma development, as reported in a meta-analysis study involving 8 different ethnicities. 35 In conclusion, the ADAM33 mutant alleles and genotypes for T2 and T1 SNPs, but neither ST+4 nor S1, were found to be associated significantly with asthma development in Saudi asthmatic children. Reports of inconsistent results among distinct ethnic groups may suggest that not all the critical haplotypes for asthma susceptibility in ADAM33 have been unambiguously identified. These results require further replication in larger sample population studies. We are currently recruiting more patients and subjects and expect to get up to 2000 patients and at least an equal number of healthy controls, to confirm which haplotypes are associated with increased risk of asthma in the Saudi population.
